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Edited by Lev KisselevAbstract Initiation factor 1 (IF1) is an essential protein in
Escherichia coli involved in the initiation step of protein synthe-
sis. The protein level of IF1 increases when E. coli cells are sub-
jected to cold shock, however, it remains unclear as to how this
increase occurs. The infA gene encoding IF1 contains two pro-
moters, the distal P1 and the proximal P2 promoter. In this
study, we found that infA mRNA was greatly increased, and that
this increase resulted from transcriptional activation of P1, not
P2, during cold shock although stability of transcripts from both
promoters concomitantly increased.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The infA gene encodes initiation factor 1 (IF1) in Escherichia
coli, which is a small protein involved in the initiation step of
protein synthesis [1]. Transcription of the monocistronic oper-
on infA starts from two promoters, P1 and P2, and terminates
at one q-independent transcriptional terminator (Fig. 1) [2].
The 5 0-untranslated region (5 0-UTR) of P1 transcripts is
approximately 200 nucleotides longer than that of P2 tran-
scripts. The proximal P2 promoter is twice as active as the dis-
tal P1, and P2 transcripts are about 2-fold more abundant than
P1 transcripts in the cell [2]. P2 is responsible for the growth-
rate control of infA expression, whereas P1 is not involved in
this process [2].
A sudden decrease in temperature induces the cellular
response, termed cold-shock response, in E. coli. Cell growth
ceases for an acclimation period and genes encoding several
proteins, such as cold-shock proteins, are induced during this
time [3]. E. coli IF1 shares a similar structure with cold-shock
protein B (CspB) from Bacillus subtilis [4–6] and can function-
ally complement CspB in B. subtilis [7]. Recently, it was
reported that the level of the IF1 protein increased during cold
shock and was hypothesized to contribute to the cold-shock
translational bias along with CspA to some extent, althoughAbbreviation: IF1, initiation factor 1
*Corresponding author. Fax: +82 42 869 2810.
E-mail address: Younghoon.Lee@kaist.ac.kr (Y. Lee).
0014-5793/$32.00  2005 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2005.12.066the most important factor of cold-shock translational bias is
IF3 [8]. However, the mechanism of IF1 induction remains
unclear at present. Selective stimulation of gene expression
by cold shock can be achieved in several ways, such as tran-
scriptional activation [9–11], stabilization of mRNA [12,13],
and translational activation [14]. In the case of cspA, encoding
the major cold-shock protein of E. coli, both stabilization of
mRNA and translational activation are responsible for the
induction [3]. Transcriptional activation accounts for the
induction of hns, encoding an abundant nucleoid protein
[9,10], and gyrA, encoding a subunit of gyrase [11].
The aim of this study was to determine whether infA gene
expression is induced by cold shock at the transcriptional
level and if so, which promoter might be responsible for the
induction.2. Materials and methods
2.1. Bacterial strains and plasmids
MG1655 was used in this study as a wild type strain of E. coli [15].
pLMd23-wt was a derivative of pGEM3 (Promega) carrying the rnpB
transcription unit [16]. The fusion plasmids of infA promoter and rnpB
terminator, pIF1-P1 and pIF1-P2 were constructed by replacing the
PstI–EcoRI fragment of pLMd23-wt with infA promoter-containing
DNA fragments. The promoter-containing DNA fragments were
obtained by PCR with primer pairs P1-up/P1-down for pIF1-P1, and
P2-up/P2-down for pIF1-P2 (Table 1). The PCR products were then
digested with PstI and EcoRI, and cloned into the PstI–EcoRI site
of pLMd23-wt to generate the fusion plasmids. pIF1-2 and pIF1-3 car-
ried the promoter regions from 347 to 227 and from 134 to 4 of
infA (the translation start was numbered +1), respectively, whose
promoter activities were previously conﬁrmed by lacZ-fusion assays
[2]. For the analysis of transcripts from cells containing the infA pro-
moter fusion plasmids, JM109 was used as the bacterial host strain
[17].
2.2. RNA preparation
E. coli cultures were grown overnight in LB broth and diluted 1:100
in fresh medium and further grown to an A600 of 0.5 at 37 C. JM109
cells containing the infA promoter fusion plasmid were cultured in LB
broth containing 50 lg/ml ampicillin. For cold-shock treatment, the
temperature of the cultures was changed to 10 C. Total RNA was pre-
pared from cells as described previously [18]. Brieﬂy, cells were
extracted with an equal volume of phenol containing 0.1 volume of
10 · RNA extraction buﬀer (200 mM sodium acetate, pH 5.2, 5%
SDS, and 10 mM EDTA) at 65 C. The aqueous phase was re-ex-
tracted using TE (10 mM Tris–Cl, pH 8.0, 1 mM EDTA)-saturated
phenol and then extracted with chloroform. For rifampicin chase
experiments, 100 lg/ml rifampicin (ﬁnal concentration) was added to
cultures, aliquots were sampled at indicated intervals, and RNAs were
prepared as described above.blished by Elsevier B.V. All rights reserved.
Fig. 1. Gene structure of infA. (A) Schematic representation of the
infA transcription unit. P1 and P2 are promoters proposed in a
previous study [2]. The open reading frame for infA is represented by
the rectangle. A putative transcription terminator is shown as T [2]. (B)
Nucleotide sequence of the infA gene. Promoter regions (35 and 10)
(bold underlined) of P1 and P2 were slightly re-localized in this study
from the previously predicted regions [2]. A putative factor-indepen-
dent terminator is marked as T. The sequence of infA open reading
frame is marked in grey. The ﬁrst base of the open reading frame of
IF1 is numbered +1. The transcription initiation sites of 242 and 36
were found in this study. The sites of +285 and +286 are major 3 0 ends
of infA mRNA found in this study.
Fig. 2. Analysis of infA transcripts during cold shock. (A) E. coli cells
grown to an A600 of 0.5 at 37 C and changed to a temperature of
10 C. Total cellular RNAs were prepared at indicated time points
following cold-shock treatment. Twenty micrograms of RNA were
then separated on a 5% polyacrylamide gel containing 7 M urea, and
infA transcripts were analyzed by Northern blotting. P1, P1 tran-
scripts, P2, P2 transcripts, and P1-1, RNase III-cleavage products of
P1 transcripts. Additional transcripts are marked as I or an asterisk.
(B) Relative amounts of infA transcripts were quantiﬁed with data
obtained from three independent experiments. The northern signals of
infA transcripts were normalized using 5S rRNA signals. The
normalized amounts of P1 transcripts at 0 min were set to the value
of 1, and all data are expressed relative to that value. Closed circles
represent P1 transcripts; open circles represent P2 transcripts.
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RNA samples (20 lg) were electrophoresed on a 5% polyacrylamide
gel containing 7 M urea, and blotted to Hybond N+ (Amersham Bio-
sciences) with a Semiphor Semi-dry transfer unit (Hoefer) at 180 mA
for 1 h. Hybridization was performed as previously described [18,19].
For the preparation of infA and 5S RNA probes, infA-pe2 and 5S-P
(Table 1) were labelled at the 5 0 end, respectively, with [c-32P] ATP
and T4 polynucleotide kinase. For the preparation of the rnpB RNA
probe, HindIII-digested pMTd23 [19] was used for in vitro transcrip-
tion with T7 RNA polymerase and RNA was internally labelled with
[a-32P] CTP. Hybridization signals were analyzed quantitatively using
an Image analyzer BAS-1500 (Fuji).Table 1
Oligonucleotides and RNA linker used in this study
Name Sequence (50–3 0)
inf-pe1 CGCAACGTATAAGGGAGCGG
inf-pe2 CAACGTTTCAAGAACGGTACCTTGC
RNA linker-1 Phosphate-UUCACUGUUCUUAGCGGCCG CAUGCUC
RT-1 GAGCATGCGGCCGCTAAGAACAGTGAA
PCR-1 GAAATGCAAGGTACCGTTCTTGAAAC
PCR-2 CATGCGGCCGCTAAGAACAGT
5S-P CGGCATGGGGTCAGGTGG
P1-up GGGCTGCAGCGCCTCGGACGATTGCCG
P1-down GGGAATTCCGTAACCAACTCTGCGACCGC
P2-up GGGCTGCAGGCTTAGCCGTGTGTTTTCGG
P2-down GGGAATTCATCCTCTGGGGTATCACTAC
aidT denotes 30-inverted deoxythymidine.2.4. Primer extension
To identify the 5 0 ends of infA mRNA, primer extension was per-
formed with infA-pe1 and infA-pe2 (Table 1). These primers were la-
belled at the 5 0-ends with [c-32P] ATP and T4 polynucleotide kinase.
Total cellular RNAs (3 lg) were mixed with 1 pmol of each labelled
primer in 20 ll reaction buﬀer (50 mM Tris–Cl, pH 8.0, 50 mM KCl,
10 mM MgCl2, 10 mM DTT, 1 mM dNTP). The reaction mixtures
were heated at 58 C for 20 min, and then kept at room temperature
for more than 10 min. The complementary DNAs were extended using
10 units AMV reverse transcriptase (Promega) at 42 C for 30 min.
The resulting products were separated on an 8% polyacrylamide gel
containing 8 M urea.Description
Probe for primer extension
Probe for primer extension and northern analysis
-idTa RNA linker for 3 0 RACE
30 Primer for reverse transcription
50 Primer for PCR
30 Primer for PCR
Probe for northern analysis of 5S rRNA
50 Primer for pIF1-P1
30 Primer for pIF1-P1
50 Primer for pIF1-P2
30 Primer for pIF1-P2
Table 2
Sequencing analysis of 3 0-RACE products
3 0-Endb Number of clonesa
Control Cold shock
+284 2 0
+285 3 5
+286 6 6
aRNAs from cold-shock-treated (cold-shock) or non-treated (control)
cells were used for the analysis.
bThe translation initiation site of infA is set +1.
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3 0 RACE (rapid ampliﬁcation of cDNA ends) assay was performed
as described previously [20] with some modiﬁcations. RNAs (30 lg)
were dephosphorylated by 1 unit calf intestine phosphatase (Takara)
in a 100 ll reaction at 37 C for 30 min. Dephosphorylated RNAs
(10 lg) were ligated to 100 pmol of RNA linker-1 (Table 1) with 50
units T4 RNA ligase (New England Biolabs) at 16 C for 15 h. One
tenth of adaptor-ligated RNA was then reverse-transcribed with Pow-
erscript reverse transcriptase (BD Biosciences) using primer RT-1
(Table 1), which was complementary to RNA linker-1. The resulting
cDNA was ampliﬁed with proof-start DNA polymerase (Qiagen) using
primers PCR-1 and PCR-2 (Table 1) and then A-addition reaction was
performed with the ampliﬁed PCR products. The PCR products were
ligated to pGEM-T Easy vector (Promega) and analyzed for ligation
junctions by DNA sequencing.Fig. 3. 5 0 ends of infA transcripts. (A) Total cellular RNAs (3 lg) were
mixed with primers infA-pe1 (A) or infA-pe2 (B) (Table 1) for primer
extension analysis. Primer extension products were analyzed on a 8%
polyacrylamide sequencing gel containing 8 M urea. G, A, T, and C
indicate the sequencing ladders obtained with the same primer. The
positions of the 5 0 ends are indicated on the right or the left. Cold
shock + and  indicate RNAs from cold-shock-treated and non-
treated cells, respectively.3. Results
3.1. Identiﬁcation of infA transcripts during cold shock
In order to determine whether the infA mRNA level was af-
fected by cold shock, the steady-state level of infA mRNA, at
time intervals of 0, 30, 60, 90, and 120 min following temper-
ature change of the E. coli culture to 10 C, was analysed
(Fig. 2A). P2 transcripts increased approximately 3-fold by
the 2-h cold-shock treatment, while P1 transcripts increased
more than 100-fold (Fig. 2B). Induction kinetics of P1 and
P2 were diﬀerent in that the P1 induction occurs within
30 min, whereas the P2 induction occurs much slower, suggest-
ing that the P1 induction might be a direct result of cold shock
and the P2 induction might be a result of slow adaptation
to low temperatures. The band P1-1 corresponds to RNaseFig. 4. Stability of infA transcripts. (A) Rifampicin chase experiments.
Total cellular RNAs were prepared from cold-shock-treated or non-
treated cells at indicated time points after addition of rifampicin
(100 lg/ml). RNAs were separated on a 5% polyacrylamide gel
containing 7 M urea and analyzed by northern blotting for infA
transcripts. (B) Relative amounts of infA transcripts were quantiﬁed
using data obtained from three independent experiments. Northern
signals of infA transcripts were normalized using 5S rRNA signals. The
relative amounts of P1 transcripts at 0 min after addition of rifampicin
are set to the value of 1, and all data are expressed relative to that
value. Closed circles represent P1 transcripts. Open circles represent P2
transcripts.
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reported [2]. Two additional bands of unknown origin were
also observed between P1-1 band and P2 transcripts in the
cold-shocked cells.
To further conﬁrm or identify the infA mRNA species that
increased upon cold shock, we examined the 3 0 and 5 0 ends
using 3 0 rapid ampliﬁcation of cDNA ends (3 0 RACE) and pri-
mer extension analysis, respectively. The 3 0 RACE experiment
demonstrated that the major 3 0 ends of infA mRNA were nearFig. 5. Analysis of infA promoter-fusion transcripts. (A) Fusion plasmids of
DNA region containing three tandem rnpB terminators of T1, T2, and T3, wh
respectively, with respect to +1 for the rnpB transcription start [19]. The posit
terminator fusion transcripts. Cells containing infA promoter-fusion plasmids
10 C. RNAs prepared from cells, which were withdrawn at diﬀerent time po
urea, and subjected to northern analysis with an internally 32P-labeled ribopro
left or right. M1 stands for M1 RNA, which is encoded by endogenous rnpB.
from three independent experiments. Northern signals of transcripts were no
promoter-fusion plasmid at 0 min were set to the value of 1, and all data are e
P1, resulting from transcription termination at diﬀerent terminators, were ad+286 (Table 2). The ﬁrst base of the open reading frame of
infA was numbered +1. Therefore, we used the data of primer
extension analysis to determine the 5 0 end of each band in
Fig. 2A. We observed four major products extended to
242, 225, 104, and 36 (Fig. 3). Referring to promoters
of infA transcripts predicted by the previous study [2], we as-
signed the primer extension products. Positions of 242 and
36 correspond to transcription start sites of P1 and P2,
respectively, and transcripts with the 5 0 end of 225 corre-infA promoter and rnpB terminator. The thick line indicates the rnpB
ich cause transcription termination at positions +413, +526, and +638,
ions of rnpB are marked. (B) Northern analysis of infA promoter-rnpB
were grown to an A600 of 0.5 at 37 C and changed to a temperature of
ints, were electrophoresed on a 5% polyacrylamide gel containing 7 M
be carrying the rnpB sequence. Fusion transcripts were indicated on the
(C) Relative amounts of transcripts were quantiﬁed with data obtained
rmalized using 5S rRNA signals. The amounts of P1 transcripts for P1
xpressed relative to that value. Three P1 transcripts from plasmid pIF1-
ded together and treated as the total P1 transcripts for the calculation.
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of 104 appear to correspond to band I (Fig. 2A), which was
possibly derived from P1 transcripts. Although primer exten-
sion products corresponding to a minor band between band
I and P2 transcripts (Fig. 2A) were not detected, we predict
that these transcripts were also cleavage products derived from
P1 transcripts.3.2. Stability of infA mRNA during cold shock
We found that steady-state levels of infA mRNA increase
during cold shock, which can account for the increase in IF1
protein levels [8]. Since increased levels of infA mRNA might
have resulted from either transcription activation or stabiliza-
tion of mRNA, we determined the eﬀects of cold shock on
RNA stability using rifampicin chase experiments (Fig. 4A).
The half-life of P1 transcripts was approximately 2 min at
37 C, which was almost the same as that of P2 transcripts
(Fig. 4B). The stabilities of both transcripts increased substan-
tially at 10 C compared to those at 37 C. The extents of sta-
bilization of both P1 and P2 transcripts by cold shock were
similar with the half-lives of 30 and 20 min, respectively
(Fig. 4C). These results suggest that the excessive increase
of P1 transcripts compared to P2 transcripts, during cold
shock, is due to transcription activation rather than RNA
stabilization.
3.3. Cold-shock induction of infA transcription
To investigate whether infA promoters are activated by cold
shock, we constructed transcription fusions of infA promoter
and rnpB terminator by replacing the rnpB promoter-contain-
ing DNA fragments of pLMd23-wt with the infA promoter-
containing fragments (Fig. 5A). E. coli cells containing these
constructs were analyzed for levels of infA–rnpB fusion tran-
scripts during cold shock. Cold shock greatly increased P1
fusion transcripts, however, the level of P2 fusion transcripts
remained unchanged (Fig. 5B and C). These results suggest
that P1 transcription is activated exclusively by cold shock.
More than half of P1 transcription run through T1 and termi-
nated at T2, while most of P2 transcription terminated at T1.
Although the explanation as to why the termination eﬃciencies
diﬀer between transcription from two promoters remains to be
demonstrated, it would be worth noting the previous results
that the termination eﬃciency at a given termination site can
be modulated by both the promoter unit for the transcription
initiation and sequences in the initial transcribed region [21].4. Discussion
Although the mechanisms of cold-shock induction of genes
are not yet completely understood, activation of transcription
appears more important for the regulation of certain genes
such as gyrA and hns [3]. We found that transcription from
the infA P1 promoter is highly activated during cold shock.
At normal growth temperatures, P2 is more active than P1,
and P2 is exclusively under metabolic control at the transcrip-
tional level [2]. However, cold shock solely activates P1. This
diﬀerential activation of the infA promoters suggests that cells
can take advantage of selective usage of promoters in response
to diverse environmental changes. Activation of infA P1 tran-
scription during cold shock may diﬀer from those of othercold-shock genes since we were unable to ﬁnd any sequence
homology in the promoter regions [9,11]. Further studies are
necessary to elucidate activation of infA P1 during cold shock.
In addition, we found that transcripts from both infA pro-
moters were stabilized during cold shock. This stabilization ap-
pears to lead to the observed increase of P2 transcripts at
steady-state level, even though P2 transcription is repressed
under cold shock. However, it is unlikely that stabilization of
infA mRNA is gene-speciﬁc, because bulk mRNA is stabilized
during cold shock [22].
Cold shock increases the amounts of IF1 protein by 2-fold
or less [8]. In contrast, cold shock increased the total infA
mRNA (P1 + P2 transcipts) level by about 30-fold (Fig. 2).
Therefore, there is a discrepancy between induction levels of
protein and mRNA. However, this discrepancy may be easily
explained by a notion that translation initiation must be inef-
ﬁcient at low temperatures due to the general increase in stabil-
ity of mRNA structures.
In conclusion, we demonstrate that two distinct promoters
of infA diﬀerentially respond to cold shock. Our results suggest
that the dual promoter system of infAmight be adapted for the
response of cells to environmental changes, and that transcrip-
tional activation may play a pivotal role in these responses.
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